A compilation of doubly charged ions in the mass spectra of 148 hydrocarbons has been made, based on mass spectra published in the American Petrole um Institute Catalog of Mass Spectral Data. In hydrocarbons with three, four, or five carbon atoms, the most probable double ionization process involves loss of all but two or three hydrogen atoms without breaking carbon bonds. Unsaturated molecules give larger doubly charged ion peaks t han saturated molecules, and ions with an even number of hydrogen atoms tend to be more abundant than those with an odd number. In saturated hydrocarbons with six or more carbon atoms, double ionization with breaking of carbon bonds is most probable, but in benzenes and highly unsaturated molecules, double ionization without loss of carbon atoms is probable. These heavier molecules show di stinctive differences depending on molecular structure.
I. Introduction
The mass spectra of hydrocarbons and other polyatomic molecules in general show some small peaks that arise from doubly charged ions. Ions with a double charge are characterized by an apparent mass equal to half the molecular weight of the ion. If the molecular weight is an odd number, the doubly charged ion will be distinguished by half-integer values; if it is an even number, then it will often happen that the apparent mass of the doubly charged ion is coincident with the mass peak of a singly charged ion. For this reason the data on the occurrence of doubly charged ions are necessarily incomplete.
The application of the mass spectrometer to chemical analysis has resulted in the careful measurement of mass spectra of at least 200 hydrocarbons; and these spectra afford a vast I Now .t Naval Powder Factory, Indian Head, Md .
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826086-49--4 amount of data on the existence of doubly charged ions, but no attempt has previously been made to collect and correlate these data. The Catalog of Mass Spectral Data of the American Petroleum Institu te [1] 2 has been the source of data used in this compilation, and the tables contributed by the Mass Spectrometry Section of the National Bureau of Standards have been used except in cases notf'd in the text. There are distinct ad-. vantages in using data of one laboratory insofar as possible, for there are minor differences between laboratories arising from instrumental differences and different methods of operation. In three cases, ethane [2] , ethylene [3] , and benzene [4] , appearance potentials of some doubly charged ions have been publish ed. For most molecules all that is known is the relative intensity of the doubly charged ions at one or two i.onizing voltages.
II. Experimental Procedure
Mass spectra have been measured with a 180 0 Consolidated mass spectrometer following r ecommended procedures [5] . The instrument is equipped with automatic electron current control, and the ionization chamber is thermostatically maintained at 245 0 C. The compounds used arc in most cases the pure NBS Standard Samples.
The Catalog of Mass Spectral Data [1] gives intensities of mass peaks r elative to the maximum peak taken as 100. The limit of this instrument is about 0.01 percent of the maximum deflection, and as spectra are always obtained with a pressure sufficient to give a nearly full scale deflection at the maximum, the lower limit remains about the same in all spectra. Peaks of doubly charged ions rarely exceed 1 percent of the maximum, and most of the peaks are less than 0.1 percent. Tbe reproducibility on these small peaks is about 10 percent of the peak height, or 0.01 percent of the maximum for peaks less than 0.1 percent.
The tables in the catalog give r elativp-intensi ties with ionizing voltages of both 50 and 70 volts. This paper tabulates values at 70 volts and in· cludes some data on the ratio of ion curren t at 70 volts to that at 50 volts. The relative intensity at 70 volts is greater than at 50 volts and often much greater. Th e API Catalog gives spectra from several laboratories for many of the compounds, and in general there is good agreement on these small doubly charged ion peaks in all cases where they are reported .
III. Results

C2 Hydrocarbons and Methane
No doubly charged ions in the mass range 6 to 8 are observed in methane. Table 1 lists the dou bly charged ions in CH3.CH3, CH2=CH2 and CH= CH. The doubly charged ions all contain two carbon atoms, and those ions of even molecular weight are coinciden t with the singly charged ions CH+, CH2+ and CH3+' However, in two cases there is a basis for estimating the intensity of doubly charged ions of even molecular weight. Kusch , Hustrulid, and Tate [3] r eport a small peak in ethylene at mass 14% from the ion C12ClbH 4++. The C;2H 4++ p eak will be about 50 times as large as the 14 }~ p eale They used a mass spectrometer of greater sensitivity than the Consolidated instrument. Similarly, in acetylene a peak has been observed at 13% from th e ion C12CI3H 2++, and the C~2H2++ peak is computed from this. The distinctive differences between the three C2 compounds are of a type no t found in the heavier hydrocarbons. 843 (1937) . The value for C,H ,++ is an estimate based on a small peak at 14~ from C 12C I3 H,++.
, The value for C, R,++ is based on a peak at 13~ from C 12C" R,+>. With one exception, the relative intensity of the ions C3H 2++, C3H3++ and CaH4++ are similar in the five molecules in contrast to some distinctive differences in the spectra of the singly charged ions. Propyne differs from the others in that the C3H 4++ peak is small, and this is of interest because otherwise the mass spectra of propyne and propadiene are nearly identical. The relative intensities are roughly similar in all these spectra, and there is no evident relation between the intensity distribution in the mass spectra of doubly charged and singly charged ions. 0.H3++ is in every case the largest peak, and the height is leas t in 04HlO isomers, greater in the 04HS isomers, and largest in O.He molecules. There is a small but real difference b etween the cis-and trans-2-butene (the singly charged ion spectra are very similar). Table 4 lists doubly charged ions of 12 0 5 hydrocarbons. It includes all OsH12 and OSHI0 isomers except some rare cyclics but only two of the many OsHs isomers. As in the case of O. and 0 3 hydrocarbons, the relative intensities in all these spectra are similar. CSH2++ is the largest doubly charged peak and it is smallest in OSH12 isomers, larger in OSHIO isomers, and largest in the OsHs isomers. Ions with three or four carbon atoms give small peaks often near the threshold for observation. Ions with an even number of hydrogen atoms tend to be more abundant than those with an odd number. This is probably a fairly general rule for doubly charged ions, partially concealed by the fact that there is often masking of ions with a double charge and an even number of H atoms. 1 These also have a sm all peak at C,H ,++.
. C3 Hydrocarbons
C4 Hydrocarbons
. Cs Hydrocarbons
. C 6 Hydrocarbons
I Table 5 lists 23 0 6 hydrocarbons including all 0 6Ha isomers and most of the common 0 6H12 I isomers but only two 06HlO molecules. Doubly I charged 0 6 ions with an even number of hydrogen atoms are masked by singly charged ions. These Relative intensities in percentagc of maximum peak in spectrum among the 0 5 ions is frequently much likc that in the 0 5 hydrocarbons, though the intensity is les . Trans-3-hexene is an exception, for her c 0 5H 9++ i the largest peak, and this peak is small or absent in all other 0 6 hydrocarbons. The benzene spectrum is given in table g.
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6 . C7 Hydroc arbons Table 6 lists doubly charged ions of 19 0 7 hydrocarbons. Ions C7H 2++ and 07H4++ would be masked by singly charged ions in 07HI6 and C7H14 isomers. The nine 07HI6 isomers give a variety of mass spectra of doubly charged ions with Os ions the most prominent, except in onc case, 2,2-dimethylpcntane, which has a maximum peak at 06H9++' The only othcr 0 7 with a maximum at this p eak is 4,4-dimethyl-l-pcntcnc . This is a structurally similar molccule, except that it contains a doublc bond. The cyclics all give quite similar doubly charged ion spectra with 07HS++ the maximum peak. Table 9 gives the spectr um of methylbenzene. 
Cs Hydrocarbons
_-------.---------------------------------------------------------0.02 ----------------------------------
-------------------------------------------------------
n-Nonane ________________________________ . ____ . ______ ----2,2,3-mea-Hexane ______ __________________________________ _ 0. 04 2,2,4-me3-Hexane ________________________________________ _ . 03 2,2,5-me3-H exan e _______________ ___ _________ __ ___________ _ . 07 0. 01 2,3,3-mel-H exanc ________________________________________ _ 2,3,5-mea-H exane _____ -------_ -. --____ -. __ --___ ______ ----2,4,4-me3-H exane __ ___________________ ___________________ _ 3,3,4-me3-H exane ________________________________________ _ . 01 3,3-eth,-P entane _____________ . ___________ _______________ _ 2,2,3,3-me.-Pentane __ ____________ ______ ________ _________ _ 2,2,3,4-me4-P entane __ --__ --__ --__________ --. __ ---_ --__ -_.
. Table 8 lists doubly charged ions of 13 C9H20 isomers and six C9H 1S isomers (cyclics and one olefin). One nonane, 3,3-diethylpentane, shows no doubly charged ions. In the octanes it was also found that isomers with ethyl side chains give no doubly charged peaks. With one exception the doubly charged ions of these molecules are C7 ions. Th e ex c e p t ion is 1,1 ,3-trimethylcyclohexane with two small peaks at CSH 9++ and CsHn++. This molecule gives the most intense doubly charged spectrum of the five cyclics listed. It was found that 1,1,3-trimethylcyclopentane gave the largest peaks of any of the CSH 16 cyclics listed in table 7. A following section gives evidence that peaks at 96,97, and 98 are C7H12++' C7H 13++' and C7H14++; and not Cs++, CsH++, and CSH2++'
It is of interest that n-butyl-cyclopentane and n-propylcyclohexane have similar spectra and that the iso-butyl and iso-propyl are also similar to each other and different from the other cyclics.
In general the doubly charged spectra of C9 hydrocarbons are much like those of Cs hydrocarbons. C7HS++ is the maximum peak in most cases with only t wo striking exceptions. 1 Also has peaks at C,H,++ 0.03 and C,H,++ 0.05. , Based on a p ea k of 0.20 at 39.5 fro m C 1'C,12H .++.
9 . Benzene and Alkyl Benzenes Table 9 gives doubly charged ions of some aromatics. These have been listed in a separate table for convenience of tabulation, because they include many ions not found in other hydrocarbons . The peak heights are larger than in other C6, C7, and Cs hydrocarbons.
Benzene has a very large C6H 6++ peak and only one small Cs peak in contrast to most of the spectra in table 5. Cyclohexene is the only compound in table 5 that has large C6 peaks.
M ethylb enzene resembles qualitatively the C7H 14 cyclics (table 6) except for differ ences definitely related to the fact that there are 8 H atoms instead of 14. C7H 2++ and C7H 4++ would be masked by singly charged peaks in the cyclics.
The CsHIO aromatics give spectra quite unlike any of the Cs molecules of table 7 except the CSHl2 molecule, 4-ethenyl-I-cyclohexene. It differs from this in having Cs iou peaks that are larger than the C7 p eaks. The estimate of CgH IO++ is based on very small isotope peaks and is quite uncertain. The fact that C7HS++ is small or missing here in contrast to other Cs molecules undoubtedly is a consequence of the fact that dissociation by removal of CHa gives C7H7++, wher eas multiple dissociation or rearrangement is required to give C7HS++'
Hydrocarbons with 10 or More Carbon Atoms
There is li ttle published data on these heavier hydrocarbons. n-D ecane, CIOH 2Z , gives only two small peaks, CSH2++0.02 and CSH 4++0.02.
I-Decene, C10H20, shows only one doubly cha rged ion, C7HS++0.03. This is also the only ion in 1-octene, whereas I-nonene gave this ion and C7HO ++ ' , Also has peaks at C,H ,++ 0.17, C,H,+> 0.02, and C,H," 0.11. , B ased on a peak at 53.5 from CI3C,I2H1o++.
The four butyleyclohexanes give doubly charged spectra like the CoHls cyclics, except that the peaks are smaller. All the ions have seven carbon atoms. The Atlantic Refining Co. ha published mass spectra [7] of the three diisopropylbenzenes (C12H 1S) at an ionizing voltage of 50 volts. The e includ e the heaviest doubly charged ions r ecorded to date. The three spectra are similar, and 1,3-diisopropylbenzene give the following peaks: C9H 7++O.37, CoH o++0.08, C9H ll ++0.05, CIOH 7++O.75, CIOH9++ 1. 25 , CIOH ll ++2.79, 8 10H I3++O. 53, and CU HlS++0.65.
IV. Ratio of Peaks at 70-and 50-Volt Ionizing Voltage
The API tables gives mass spec tra obtained with ionizing voltages of 50 and 70 vol ts and, in general, the doubly charged peaks are considerably larger at the higher voltage. The value of the ratio of the currents at 70 and 50 volts, i(70)/i(50), is of interest, as it gives at least qualitative evidence as to the appearance potential of the ion.
A plot of ion current as a function of ionizing voltage rises at first almost linearly from the appearance potential but gradually becom es concave to the axis of abscissas approaching a flat maximum value at roughly 30 volts above the threshold. Ionizing voltages of 50 and 70 volts fall near the flat maximum for the more probable single ionization processes, and the ratio i(70) /i(50) is n early unity. However, if the appearance potential is high, then the ratio will be much greater than unity and approach infinity as the appearance potential approaches 50 vol ts.
Ther e are a few direct measurements of appearance potentials of doubly charged ions and these 
C6H 3++
39.8 1.4 Observed values of the ratio i(70)/i(50) for the more abundant doubly charged ions in hydrocarbons with two to fiv e carbon atoms and for benzene are listed in table 11. It is found that t h e ratios for the same ions in differ ent isomers are n early equal. In general, the range of values indicated is no greater than the experimental uncertainty. This is true even when the isomers are ch emically different, as in the case of cyclics and olefins . The table is arranged to show that the ratio increases as the number of hydrogen atoms r emoved incr eases, and that ionization processes involving removal of equal numbers of hydrogen atoms from different molecules give the same ratio within the range of experimental uncertainty. There is not a progressive decrease in t he ratio as the number of H atoms removed becomes less, but the ratio remains nearly the same for removing 7H and 8H and similarly for 5H and 6H, 3H, and 4H and for 1H and 2H.
Interpretation oj ratios in terms oj appearance potentials.-The interpretation of this is fairly obvious. Studies of appearance potentials of singly charged ions show that frequen tly but no t always, the hydrogen atoms are removed in pairs to form H 2. Thus Delfosse and Bleakn ey [6] find that in propane, CaH s+ is produced by the transition CaH8~CaHs++ H2 + H requiring 14 volts. The process CaH8~CaH4++ 2H2 occurs at 14.7 volts, and CaH8~C3Ha++ 2H2 + H r equires 15.7 vol ts. As it requires about three electron volts 
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V. Summary and Discussion
The doubly charged ion spectra of hydrocarbons ,vith three, four , or five carbon atoms follow some simple rules that can be summarized as follows:
l. In the most probable ionization processes carbon bonds are not broken , but all except two , three, or four hydrogen atoms are removed.
2. The r elative intensity distribution is similar in all hydrocarbons ,vith the same number of carbon atoms.
3. The magnitude of the peaks is least for saturated molecules, greater for monoolefins and alkylcyclics and gr eatest for diolefins and cycloolefins.
4. Ion peaks tend to alternate in intensity with larger values for ions with an even number of H atoms.
These rules are in contrast to the case of singly charged ions. For these the most probable ionization processes frequ ently involve breaking carbon bonds, the spectra dep end considerably on the structure of th e molecule and are quite differ ent for paraffins, olefins, and diolefins. Ions with an odd number of H atoms tend to be more abundant.
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Doubly charged ion pectra of molecules with six or more carbon atoms are quite differ ent from the lighter hydrocarbons. The most probable ionization processe involve breaking of carbon bonds in all these except the alkylbenzenes and the 0 7 cyclics. Structural differ en ces and the degr ee of saturation give large differ ences in the spectra. CSH 2++ is often the maximum peak in C 6 hydrocarbons and in C7 paraffins. In other C 7 hydrocarbons and in Cs and Cg hydrocarbons, 07HS++ is often the maximum peak Rules 3 and 4 remain true, in general, with minor exceptions.
A qualitative consideration of t he ionization process gives a partial explanation of some of the properties of doubly charged ion spectra. The least poten tial r equired to doubly ionize a large molecule would involve removal of two electrons from two atoms n ear each end of the molecule. (The Coulomb law of attraction makes the work r equircd to r emove the second electron least if it is removed from an atom as far away as possible from the first ion) . The resulting ion with a charge near each end is subj ect to large disruptive force , and probably a frequent r esult of double ionization is that the molecule ion dissociate into two singly charged ions. In gen eral this process will be indistinguishable from single ionization processes, but Stevenson and Hipple [8] point out that th e appearance potential of CH3 + in th e two butane isomers indicates that it com es from the process If, however, a molecule loses most of its hydrogen atoms in the dissociation process, t hen the bonds between carbon atoms become double bonds and the bonding force is greatly increased . Evidently it is then sufficient to overcome the disruptive force of the double charge.
The intensity rules for doubly charged ions in molecules with three to five carbon atoms can be explained on the hypotheses that all but two to four H atoms must be removed to give stable ions, and that the probability of this ionization process decreases as the appearance potential increases. With un saturated molecules and cyclics the number of H atoms to be removed is less, and the intensity in cr eases. As hydrogen atoms tend to be removed in pairs to give H z, ions with an even number of H atoms are commonly more abundant than ions with an odd number.
From table 11 it is seen that removing 10 H atoms from C5H12 to give C5H2++ requires nearly 50 volts. One reason why different ionization processes are involved in molecules with six or more carbon atoms is because the work required to remove all but two H atoms exceeds the ionizing voltage. In the C6Ha isomers, CSH2++ is again the largest peale This can be obtained by the least energy by removing CH4 and four H2 molecules. The fact that C5H 2++ , CSH4++, and C5H6++ are larger than the peaks with an odd number of H atoms, supports the view that loss of CH4 and H2 molecules actually occurs. In singly charged ion spectra, peaks with an odd number of H atoms are larger, and it is known that the more probable ionization processes involve dissociation with loss of CH3 and other radicals with an odd number of H atoms. (Ionization with dissociation into CH4 is known to occur but is less probable [8] ).
In C6 hydrocarbons doubly charged ions with six carbon atoms are found in C6Hl2 isomers, and these ions are the most abundant ions in cyclohexene, C6H IO , and in benzene, C6H6. C6 ions become more abundant as the number of H atoms decreases. This is also true of C7 ions in the C7 hydrocarbons. In Cg hydrocarbons there are no doubly charged Cg ions in CgH1g and CgHl6 isomers. They are strong in 4-ethenyl-1-cyclohexene, CgHI2, and predominant in the CgH10 alkylbenzenes.
In hydrocarbons with seven or more carbon atoms the ion C7Hg++ is commonly the most abundant ion. The empirical fact that such an ion is stable is another factor that makes the doubly charged ions of the heavier hydrocarbons differ from the lighter ones. Also in the heavier hydrocarbons certain configurations of carbon atoms seem to favor doubly charged ions such as the 2,2,4-trimethyl arrangement in Cg hydro-378 carbons. Other configurations, such as ethyl side chains in the octanes, give no doubly charged ions. This introduces striking individual differences among isomers that are not found in the lighter hydrocarbons. Individual differences, depending on structure, are the rule in singly charged ion spectra.
VI. Conclusion
The study of doubly charged ion spectra is of interest in that it gives additional evidence as to the ionization process. Doubly charged ion peaks are, however, not very useful in the practical application of most spectra to chemical analysis, although it is essential to know the complete spectrum of every pure compound analysed. In the case of propadiene and propyne there is a striking difference in the doubly charged ions that affords the best basis for distinguishing the compounds. In nearly every other case the peaks are too small to be used in analysis.
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